Abstract: We experimentally demonstrate largely enhanced light-matter interaction using high-Q Fano dielectric metasurfaces. We observe large enhancements, spectral tailoring and lifetime shortening of the photoluminescence of single photon emitters embedded inside III-V all-dielectric metasurfaces.
Introduction
Single photon emitters coupled to high-Q, low volume cavities constitute the fundamental unit for studying lightmatter interactions that lead to Purcell enhancement and strong coupling. Traditionally, this has been achieved by coupling quantum emitters such as quantum dots (QDs) to high-Q microcavities that require challenging fabrication. Here we present a new paradigm towards enhanced light-matter interaction using epitaxial InAs QDs embedded and interacting with high-Q Fano-resonances in low-loss all-dielectric metasurfaces. The high-Q Fano-resonances (~1000) are obtained using symmetry breaking to enable free space coupling of otherwise dark magnetic dipole modes. We measure strong photoluminescence (PL) enhancements and reductions of lifetime indicative of Purcell enhancements. Our demonstration of active all-dielectric metasurfaces opens up an opportunity for studying lightmatter interaction, cavity quantum electrodynamics and could lead to broad applications in solid-state lighting, displays, and potentially lasers. Fig. 1(a) shows a schematic diagram of our active dielectric metasurfaces consisting of a square array "symmetry broken" nanoresonators [1] that contain a single layer of InAs epitaxial quantum dots. We fabricated the Fano metasurfaces starting from molecular beam epitaxial growth of a 450-nm-thick layer of Al 0.9 Ga 0.1 As followed by a 200-nm-thick layer of GaAs, an 8-nm-thick layer of quantum wells containing QDs and another 200-nm-thick layer of GaAs as a cap layer. We used electron-beam lithography and dry etching to define the metasurface geometries. The Fano metasurface consists of resonators with side dimensions of ~400 nm that support Mie magnetic and electric dipole resonances at ~1200 nm, in the same spectral region where InAs QDs emit. Typical dielectric metasurfaces only allow the transverse (or in-plane) dipole modes to be coupled to a normally incident electromagnetic wave and this results in broad electric and magnetic dipole resonances [2] . In contrast, our symmetry breaking Fano metasurfaces largely reduce radiation loss and generate much higher Q Fano resonances indicated by the two narrow linewidth dips in transmission ( Fig. 1(b) ). The two high-Q resonances are enabled by breaking the symmetry of otherwise highly symmetric resonators to induce intra-resonator mixing of bright (transverse dipole) and dark (longitudinal dipole) modes. The longer wavelength and shorter wavelength Fano resonances correspond to the out of plane magnetic and electric dipole modes, as Figure 1(c) shows, that cannot be excited by normally incident light.
Tailoring of enhanced QDs emission using high-Q Fano dielectric metasurfaces
We excited the PL from our sample using a λ=850 nm Ti:sapphire femtosecond laser with very low average power of ~30 µW. Fig. 1(d) shows the PL spectrum obtained from an unpatterned region. The PL has a broad spectral width of ~100 nm due to homogeneous and non-homogeneous broadening of the epitaxially grown InAs QDs. The main emission peak around 1230 nm corresponds to the ground state of the QD whereas the emission shoulder at ~1140 nm corresponds to the first excited state. In contrast, Fig. 1(e) shows the emission spectra of five different samples fabricated from the same substrate but with different dimensions to shift the spectral location of the Fano resonances. For all five samples, we observe a narrow and strong PL peak that rises above the broadband QDs PL background. The narrow PL peaks have a spectral linewidth of ~6 nm and are tunable over the whole emission bandwidth of the InAs QDs. The PL intensity is especially enhanced when the Fano resonances coincide with the peak of the QDs emission. Notably, we observed a maximum enhancement factor of more than 20 by comparing the PL intensity at the peak with the broad PL background. We also measured largely reduced PL lifetimes (not shown here) of the Fano samples compared with the unpatterned regions; all this is indicative of a strong Purcell effect. In order to unequivocally elucidate the mechanism of PL enhancement, we compare the reflectivity and their corresponding PL spectra for three active Fano metasurface samples. For each sample, we measured high reflectivities between ~1050 nm and ~1250 nm as well as two reflectivity dips corresponding to the two Fano resonances. The overall shape of these reflectivity spectra agree well with simulated results (Fig. 1(c) ). Due to the absorption of the InAs QDs, non-uniformity of Fano metasurface dimensions and losses induced by surface roughness, the measured Qs are lower than the simulated results. As expected, we observed largely enhanced PL at the exact spectral position of the longer wavelength Fano resonances. However, the enhancement of the PL is much weaker at the shorter wavelength Fano resonance partly due to the lower quality factors observed at these shorter wavelengths, higher QD absorption and less efficient coupling between the QDs and the optical mode. When carrying low temperature PL measurements with more diluted QD concentrations, we routinely observed single QD emission peaks enhanced by the Fano metasurface.
Further advances in metasurface design combined with sample growth and processing, could lead to quality factors higher by orders of magnitude, maybe comparable to what is achieved using complex microcavities with Bragg mirrors. Our demonstration of active dielectric metasurfaces with enhanced and tunable PL paves the road for new ways to study light matter interaction and for using metasurfaces for tailoring the spectrum and beam shape of quantum emitters.
